Biogas has been promoted as a renewable, cleaner and cheaper energy source. While there are several initiatives promoting the use of biogas, credible analyses of its effects on the use of alternative energy sources and energy related expenditure are limited. This study uses panel data from households engaged in dairy farming in rural East Java to assess the impact of a household level programme, which promotes the construction of digesters that produce biogas, on energy use and expenditures. Both a difference-in-difference analysis and a pipeline comparison show that the use of digesters leads to a sharp reduction in energy related expenditures and a reduction in the use of firewood and liquefied petroleum gas. However, without subsidies, the payback period of between 11 to 14 years, albeit based only on the reductions in energy costs accruing from investing in a digester, is perhaps too long to justify the investment.
Introduction
In a number of developing countries, biogas has been promoted as a renewable, cleaner and cheaper energy source, especially for cooking, as compared to alternatives such as firewood and kerosene. For instance, countries such as China and India have a long history of promoting biogas. However, it is only in the last twenty five years that household level biogas programmes, which promote construction of digesters or tanks which convert organic waste into biogas, have spread across the globe. In the Indonesian context, while a majority of the population has access to electricity for lighting, biomass, mainly wood, remains an important energy source for cooking (see Table 1 ). At the national level, in 2011, for 40 percent of Indonesian households, firewood was their primary cooking fuel, while in East Java, 43 percent of households relied mainly on firewood for cooking and about 52 percent used liquefied petroleum gas (LPG). The substantial use of LPG is relatively new and is a consequence of the country's large-scale kerosene to LPG conversion programme (2007) (2008) (2009) (2010) (2011) (2012) which was motivated by a desire to reduce the budgetary burden of the kerosene subsidy. 3 Despite the conversion programme 1 The main element of a biogas digester is a tank in which bacteria converts organic waste into biogas through a process of anaerobic digestion.
2 A number of African countries have also launched household biogas programmes. Rwanda launched its national domestic biogas programme in 2007, followed by Cameroon, Ethiopia, Kenya, Tanzania and Uganda in 2009 and Burkina Faso, Benin and Senegal in 2010 . See Hessen (2014 for details.
and other reforms which have reduced the subsidy burden, the growth in energy demand combined with declining domestic production and an increase in fuel imports continues to ensure that subsidies for oil-based fuels remains a large burden on the budget (see Asian Similar to biogas programs in other countries, the expectation is that the use of biogas will generate immediate benefits by reducing the use of traditional fuels and energyrelated expenditures, as well as lead to time-savings due to a reduction in time spent gathering wood. Longer-term benefits include enhanced agricultural productivity due to the use of bio-slurry, a by-product of biogas production which may be used as a fertiliser, improvements in indoor air quality and subsequent health benefits. Despite these expectations and the large number of initiatives in a several of Asian and African countries (see Rakotojaona, 2013; Hessen 2014) , credible evidence on the actual impacts of such household biogas programs on short-term outcomes -such as use of traditional fuels and energy-related expenditures-as well on longer-term outcomes -such as agricultural productivity and health outcomes-is limited. The bulk of the evidence is based on either before-after comparisons or single-period comparisons between households with and without a digester.
For instance, based on a before-after comparison of a sample of 461 biogas users in Nepal, Katuwal and Bohara (2009) report a 53 percent reduction in the use of firewood and an 81 percent reduction in the time spent collecting firewood. Employing a similar approach but working with a sample of only 12 users, Garfi, Ferrer-Marti, Velo, and Ferrer (2012) report a 50 to 60 percent reduction in the use of firewood. Despite these effects, the lack of a control group hampers the credibility of the analysis.
Alternatively, based on single-period comparisons between 615 biogas users and 740 non-users drawn from 133 villages, a study of India's National Biogas Development Project (Program Evaluation Organisation, 2002) found that a majority of digesters (55 percent) were not operational. Nevertheless, user households reduced their monthly consumption of firewood by 10 kilograms. Based on data from three villages in Western China in 2006 (239 households; 183 users and 56 non-users), Groenendaal and Gehua (2010) concluded that despite working with a sample of relatively long-term digester users the many benefits attributed to the use of digesters had only partly been realized, if at all. For most of the outcomes there were no statistically significant differences between users and non-users. In both these studies the approach used to determine the control group was not clear and assessments were based on differences in means, without controlling for variables which might influence both uptake of digesters and outcomes.
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A perhaps more rigorous assessment of the effect of a biogas initiative, Rwanda's National Domestic Biogas Program (NDBP), is provided by Bedi et al. (2015) . While their study also uses cross-sectional data and compares outcomes for users and non-users, the non-users were selected from a list of "potential applicants" that is, those who had shown an interest in purchasing a digester and at the same time the non-users needed to fulfil the most important eligibility condition to become a user, owning at least two cows. Their multivariate analysis showed that owning a digester was associated with a 31 to 32 percent 5 Laramee and Davis (2013) work with a small sample of 40 households (20 users and 20 non-users) and conclude that in Tanzania, biogas almost completely replaces the use of firewood and kerosene. While the effects in this case are in marked contrast to the papers on India and China, the estimates are based on a much smaller sample and the control group was identified by asking user households to nominate a control rather than through an objective approach.
reduction in annual energy expenditure and a five kilogram or 34 percent reduction in daily consumption of firewood. At the same time they reported that about 10 percent of the supposedly completed digesters were producing no gas, and that the cost of installing a digester was prohibitive leading to a large gap between the number of digesters that were expected to be set up (15,000) and the number that were actually installed (1,800).
The aim of this paper, which focuses on dairy farmers in East Java, is to examine the impact of Indonesia's Household Biogas Program (BIRU) on two main outcomes, that is, fuel use -whether access to digesters leads to reductions in the use of an oil-based fuelliquefied petroleum gas -in the use of a traditional fuel -wood-, and to a decline in energyrelated expenditure. In order to assess the viability of the intervention we provide an exploratory payback analysis. Methodologically, the paper extends the literature by using multiple evaluation strategies and providing estimates based on both cross-section and panel data. In doing so, we attempt to place the literature on the effects of household biogas initiatives on a stronger empirical footing.
The paper is structured as follows. Section 2 contains a description of the program.
Section 3 outlines the empirical approach, section 4 lays out the sampling strategy and discusses the data and descriptive statistics. Section 5 discusses the findings and presents a payback analysis while section 6 concludes.
Indonesia's Household Biogas Program -Key features
In 2008, the Government of Indonesia in co-operation with the Government of the Netherlands commissioned a feasibility study. The study highlighted that the climatic conditions, especially high temperatures throughout the year and availability of water, provided a favourable environment for the production of biogas. The report pegged the number of potential digesters users at more than one million dairy farming households in Java and Bali, where zero grazing is widely practised (SNV, 2009 Table A .1). The BIRU program focuses mainly on East Java (62 percent of all digesters), followed by Lombok/Bali (17 percent), West Java (10 percent) and Central Java (9.6 percent) (see Table A .2).
BIRU carries out its work through intermediaries or so-called, Construction Partner
Organizations (CPOs) and biogas supervisors. Typically, the CPOs are co-operative organizations or local NGOs. In Java, dairy co-operatives are key partners in the BIRU programme and help disseminate the biogas concept among dairy farmers. The CPOs raise awareness about biogas among their members in their regular meetings or in special gatherings explicitly for the purpose of discussing this issue. If members show interest, the 6 Zero grazing implies that cows are not put out to pasture but instead food is brought to the cows. This makes it easier to gather and use cow dung. CPO carries out a farm eligibility assessment, which is based on criteria such as having at least two cows, a positive cash flow from milk revenues supplied to the co-operative, and a farmer's debt history. In addition, the CPO verifies whether the farm plot is large enough to install a digester. If a farmer qualifies, financial arrangements are negotiated with the help of the CPO, and subsequently masons trained by BIRU are deployed to construct the digesters.
8 After the digester has been installed, the mason files a completion report, and BIRU carries out quality control checks. BIRU trains dairy farmers on the proper usage of digesters. They receive a user manual and a mason is present during initial plant feeding.
BIRU guarantees an after sale service of two years.
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Depending on the size, the cost of a digester lies between €450 and €700. Regardless of the digester size, BIRU provides a flat subsidy of €160 (Table 2 ). The remainder is paid by the farmer, usually through a loan obtained from credit schemes offered by the cooperative.
The repayment instalments are financed by deductions from payments the farmer receives for the delivery of milk. Interest rates differ across cooperatives, depending on the source of the loan. A range of partners have made resources available for the credit schemes, and while there are no interest charges on 2 to 3 year loans provided by Nestlé, an international food company, other partners such as Rabobank or Bank Syariah Mandiri (BSM) charge interest rates of 8 to 11 percent with repayment periods of 3 to 5 years. 8 Since programme inception, BIRU has trained 675 masons and 124 supervisors. The intention is that in the long-term, the training will be taken over by local institutions such as technical and vocational schools. To select masons BIRU requires that they should: i) be from the area where the digesters are to be constructed ii) have sufficient experience in brick laying and plastering iii) be able to read, write and to understand drawings.
Identifying the impact of digesters
Our main aim is to identify the extent to which changes in the main outcomes of interest -in this case, fuel use and energy expenditure may be attributed to the BIRU programme. To identify these effects, the evaluation relies on both cross-section and panel data and a comparison between farm households with (treatment group) and without (control group) a digester. There are two main empirical concerns with regard to attribution. First, the program is voluntary and households need to take the initiative to apply for a digester and second, conditional on application, program beneficiaries are not selected at random but need to fulfil eligibility conditions such as ownership of at least two cows and a regular record of delivering milk to a cooperative. Due to these two aspects -self-selection into the program and the imposition of eligibility conditions -it is quite likely that those who apply and obtain a digester are systematically different from those who do not. Hence, comparisons between households who have a digester and those who don't, without accounting for potential differences in factors that determine selection into the program, are unlikely to yield credible estimates.
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To account for the challenges highlighted in the preceding paragraph and to deliver credible estimates, the study relies on two different evaluation approaches, that is, difference-in-differences (DID) estimation and a pipeline comparison design, both of which we combine with propensity score matching (PSM). For the DID analysis we rely on baseline 
The causal interpretation is based on the (parallel trends) assumption that changes in outcomes recorded for the control group are similar to the changes in outcomes that would have been observed for the BIRU participants had they not had a biogas digester installed.
By comparing differences in trends across treatment and control groups, rather than differences in levels, this approach eliminates time-invariant unobserved differences such as the latent ability and productivity of farmers which may have a bearing on digester uptake and outcomes. In order to enhance the credibility of the basic DID analysis and to ensure comparability of the treatment and control group in terms of observed characteristics we combine the basic DID analysis with propensity score matching. Using this approach, each unit in the participant group is matched to an observationally similar unit from the nonparticipant group. This procedure implies that the control group is re-weighted such that it appears identical to the treatment group in terms of observed characteristics. Subsequently, DID analysis/pipeline comparison is conducted on the treated units and the matched controls.
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While the combination of PSM and DID allows us to control for differences in observed characteristics between the treatment and control groups as well as to control for 11 A logit specification where the probability of participating in the BIRU program is treated as a function of baseline characteristics is used to predict the propensity score. Five nearest-neighbor matching is used to create a set of treated and matched controls.
time-invariant differences in unobserved characteristics that may be correlated with programme uptake and outcomes, the credibility of the estimates is based on the validity of the parallel trends assumption. Nevertheless, in addition to the difference-in-difference analysis we also consider a cross-section based pipeline comparison approach. This method exploits a particular feature of the BIRU program, which is that the program was rolled out gradually over a 4-year period. This means that during the baseline survey, some farmers without a digester had already applied for a digester and were awaiting delivery. That is, in 2011 they were in the pipeline to be treated in 2012. These farmers can be readily identified in the survey waves as the new users of biogas digesters in 2012. To implement the pipeline evaluation design we use these digester applicants or future users as a control group in the baseline year and compare them with farmers that were already participating in the BIRU program in 2011.
The pipeline comparison estimates may be written as:
This approach addresses potential bias due to eligibility or self-selection as both the groups have shown a desire to purchase a digester. In addition, this approach does not rely on the parallel trends assumption. However, the cross-sectional pipeline comparison introduces other problems. For example, there may be systematic differences between early and late adopters of an innovative technology, a problem that difference-in-difference analysis can deal with more effectively. Thus, while this approach is not a substitute for the differencein-difference analysis, it does provide an alternative evaluation methodology that allows us to evaluate the robustness of the results. Similar to the difference-in-difference analysis, we combine the cross-section based pipeline comparison approach with propensity score matching in order to enhance comparability of the treatment and control groups.
To enhance clarity, Table 3 summarises the choice of treatment and control groups for the different evaluation strategies. For the difference-in-difference evaluation, two groups of households are compared. First, the treatment group consists of households that did not have a biogas digester in 2011 but did have one in 2012. We refer to them as new users in the subsequent sections. Second, the control group consists of farm households with comparable features (e.g. members of a cooperative, reside in the same villages, same number of productive cows) but those who have never obtained a biogas digester. We refer to them as never users in the following. For the cross-sectional pipeline comparison approach, a second treatment group is defined as consisting of households who were already using biogas digesters, whom we refer to as always users. In this approach, the new users (i.e., the first treatment group) serve as a cross-sectional control group.
Sampling strategy and the data

Sampling
The evaluation is based on two survey rounds of the same households conducted in MayJune 2011 and May-June 2012 in East Java province. In addition, qualitative information was acquired using focus group discussions and key informant interviews. East Java was chosen as at the time of the first survey it contained more than 75 percent of the digesters installed through the BIRU program. In 2011, the BIRU program was active in 9 rural districts in East Java and involved 11 CPOs. Given budgetary considerations the overall sample size was set at 700 households, consisting of 250 applicants (new users), 350 non-applicant households (the potential never users) and 100 households with a digester (always users).
already own a digester provided through a different program. From the set of 18,321 potential controls, 344 were randomly selected. Finally, 101 users were randomly drawn from the set of existing users. In the case of both non-applicants and existing users, the distribution of the sample across each CPO was proportional to the underlying distribution of the population. 13 A total of 695 households were surveyed at baseline.
In 2012, we attempted to survey the same households. We were unable to locate 18 households at follow-up. Our statistical assessment shows that there is no systematic difference between those who remained in the sample and those who dropped out. 14 A potentially more serious sampling problem is non-compliance with user status. After accounting for attrition, of the 245 applicants who were expected to obtain digesters in 2012, 61 had their applications rejected by BIRU and remained in the never user category. At the same time, of the 335 individuals who were designated as controls in 2011 and surveyed again in 2012, 32 secured a digester between the baseline and follow-up period. We have assigned these non-compliers to the groups we find them in 2012, that is, 97 always users,
216 new users and 364 never-users (Table 4 ).
In the case of the pipeline comparison design which is based on comparing always users with applicants the analysis focuses on the 97 always users and the 216 new users who were either applicants (184) or part of the control group (32) in 2011. Since the always users and the new users have both been accepted by the BIRU programme, it may be argued that dropping the non-eligible applicants and focusing on always users and new users (who displayed an interest and have been deemed eligible) enhances the credibility of the 13 The distribution of the applicants, non-applicants and existing users among the 9 CPOs at baseline is provided in Table   A.3. 14 A probit model for dropping out does not reveal any systematic differences in the characteristics of those remaining in the sample and those who dropped out. The overall regression is statistically insignificant (p-value of 0.83).
pipeline comparison design. With regard to the difference-in-difference analyses, the focus is on comparing never users and new users. Since we have panel data and can control for time-invariant observed and unobserved traits which may be associated with programme entry (obtaining a digester) there is no reason to expect that non-compliance compromises the analysis. 
Sample characteristics
When we compare the 2011 baseline data with the nationally representative Indonesian socioeconomic household survey of 2011, we find that average annual per capita spending by the sampled dairy farm households is similar to average spending by Indonesian households in East Java who are engaged in the livestock sector. On average, the dairy farmers in the sample sit between decile 4 and decile 5 of the national per capita expenditure distribution (Table A.7) .
Profiles of the interviewed households are provided in Table 5 . The average household size is about 4 members. The majority of the households are headed by a male (97 percent) with an average age of about 46 years. Dairy farming is the main professional activity (88 percent of the household heads). For a third of the sample, primary school is the highest level of education completed by any household member, while for another third of the sample, the highest level of education is junior secondary. Access to electricity is relatively high, with almost 90 percent of the households reporting access. The average size 15 Nevertheless, we do assess whether there are systematic differences between compliers and non-compliers.
First, (Table A .4) we compare observed household characteristics at baseline of compliers and non-compliers among the new users (initial applicants versus initial controls that obtained a digester) and never users (rejected applicants versus initial controls that did not obtain a digester). Second, we compare outcome variables at baseline values (Table A .5). Third, for both groups we estimate a logit that models the probability of not complying with initial assignment as a function of household characteristics at baseline (Table A.6). We find very little evidence of systematic non-compliance. There are some statistically significant differences in education level and living conditions, but most of these correlations disappear in the logit models. We find very little difference in the outcome variables, with about 5% of the tests showing a statistically significant result, which is along the lines of what we may expect of Type I errors in testing null hypotheses.
of a farm is 0.6 acres, just under a quarter of the households own the land they cultivate, and on average they own about 5 cows. About 92 percent of the interviewed households have 2 or more cows, which represents the minimum requirement for joining most of the cooperatives in the surveyed area, and is also the recommend minimum for operating a digester.
There are some differences between the two treatment groups (new users and always users) and the households without a digester (never users) which we need to take into account in the impact evaluation. Farms with a biogas digester, and especially the early adopters, have on average larger farms, more cows and are more likely to own their farm land. They also have higher levels of education than new and never users, while the latter two groups have comparable education levels. On average, houses owned by always users have more rooms and are of better quality (in terms of materials used for the walls, floor, roof and windows).
To examine whether the three groups are similar in terms of the probability of owning a digester we estimate logit models of digester ownership as a function of various socio-demographic characteristics. Few variables are statistically significant and the models have limited explanatory power and especially in the case of the pipeline comparison design sample the model (overall p-value 0.14) is not able to discriminate very clearly between the always users and the new users. In other words the two groups appear to be similar in terms of the probability of owning a digester (see Table A .8).
While differences in the probability of owning a digester may be limited the descriptive statistics do show that wealthier and better educated farmers are more likely to adopt biogas digesters. In the empirical analysis we rely on propensity score matching to ensure that the three groups are observationally equivalent in terms of the traits that determine ownership of a digester.
Financing, functioning and impact of digesters
As a prelude to examining the impact of biogas digesters, this section provides details on the financing and functioning of digesters. Thereafter, we discuss the econometric estimates.
Financing and functioning
The process to obtain a digester seems to run efficiently, as in 90 percent of the cases the time between submitting an application form and having a fully-constructed and functioning digester is 4 months or less. The bulk of the digesters (93 percent) are financed entirely through loans/credit offered at zero interest and payable over two to three years. The main source of credit as far as households are concerned is the cooperative to which they belong.
This is a little misleading as almost all the cooperatives that are included in the survey sell their milk to Nestlé which in turn provides loans to cooperatives at zero percent interest rate in order to enable digester purchases. The terms of re-payment differ across cooperatives but the amounts are deducted periodically (usually every 10 to 12 days) and automatically from the money owed by the cooperative to the individual member for milk sales. While most farmers (75 percent) were unable to provide information on the outstanding loans, they did have records on the total proceeds from milk sales, the deduction for repayment of the digester loan and the outstanding loan balance. None of the respondents expressed concerns about the repayment burden.
About half the households in our sample have a 6m 3 digester followed by 38 percent who have a 10 m 3 plant. Almost all the households (96 percent) reported that their digester was functioning as expected and enough gas was being produced. Prior to purchase, the three main reasons stated by respondents for buying a digester were reduced need for firewood (44 percent), faster cooking (33 percent) and a smokeless kitchen (26 percent).
Other reasons were improvements in barn hygiene, less time needed to procure energy and use of bio slurry. Ex post, more than 90 percent mentioned that they had experienced these expected benefits. 16 In terms of overall levels of satisfaction, 47 percent of the respondents reported that they were "very satisfied" with their digester while 52 percent reported that they were "rather satisfied" and only 1 percent of the treated households stated that they were "rather unsatisfied". Consistent with the satisfactory remarks on gas production, there were limited complaints on the need for fixing or replacing digester parts. About 6 percent of digester owners reported that they have had to repair or replace parts since their digesters first became operational while about 3 percent had experienced unexpected effects such as a bad smell due to gas leaks, a non-working stove or problems with the thermometer.
In addition to construction of the digester, the availability of water and cow dung is crucial for the proper functioning of digesters and ensuring adequate gas flow. Table 6 compares the actual distribution of digesters by capacity and cow ownership to the recommended cow holding per digester size (in parentheses). About 44 percent of digester owning households do not have the recommended cow to digester size ratio, indicating that gas production could be hampered by insufficient fuel. This is most prominent among the new users, where about half the farms have less than the recommended number of cows as compared to a third of the always users. In terms of water availability, only 8 percent of the treated households stated that they faced water shortages. Notwithstanding the gap between recommended and actual ratios it does not seem that this aspect has a negative effect on household perceptions of gas production.
Impact of digesters
We present difference-in-difference estimates and pipeline comparison estimates without matching and also combined with propensity score matching. Propensity score functions are estimated separately for the difference-in-difference analysis, prob ( 
Fuel use and expenditure
The digesters have a large effect on the probability of purchasing LPG and firewood, mainly because these are the two main fuels used for cooking and for which biogas is a substitute (Table 7) . Across the four sets of estimates, we find that biogas users are at least 55 percentage points less likely to purchase LPG, which constitutes about an 80 percent reduction as compared to the baseline. The reduction in the probability of purchasing firewood is not as large as the effect on LPG, but the 9 to 14 percent reduction still cuts the share of households that purchase firewood by about 51 to 73 percent of baseline levels.
17 Male head of household is dropped from both models and access to electricity from the pipeline-comparison propensity score function, due to lack of variation.
18 The DID estimates are based on 97 always-users, 216 new-users and 364 never-users. The PSM-DID estimates are based on 201 new-users and 360 never-users, that is, 15 new-users and 4 never-users who could not be matched were removed from the analysis. The pipeline estimates are based on 92 always-users and 211 new-users, that is, 5 always-users and 5 new-users could not be matched.
With regard to firewood, while households do purchase firewood they also tend to forage firewood from public forests. As shown in Table 8 , in addition to a reduction in the probability of purchasing firewood, access to digesters reduces the probability of gathering In terms of quantity of fuel consumed, access to digesters leads to a reduction in the monthly use of LPG by 6 to 7 kilograms (Table 9 ). Essentially new users almost completely stop using LPG. We also see a reduction in the number of bundles of fire wood used but this effect is not statistically significant. This is perhaps not surprising as households tend to gather firewood from publicly accessible sources as opposed to purchasing firewood. The reduction in the purchase of LPG and firewood is also reflected in terms of energy spending (Table 10) . Digester owners experience a reduction in monthly spending on LPG of between IDR 29,000 to IDR 37,000 per month and a reduction in expenditure on firewood of about IDR 19,000 to IDR 24,000, although the effect on firewood spending is not statistically significant for the matching estimates. The effects on LPG are especially striking as biogas appears to fully meet the demand for domestic gas, crowding out LPG. Overall, digester owning household experience a reduction in energy expenditure of between IDR 47,000 to 19 The unit of measurement for wood is "bundles of wood". There is no fixed weight of these bundles. Based on our field experience the weight of these bundles ranges from 6 to 9.5 kilograms. 22 20 We also estimated the effect of having a digester on a range of other expenditure items such as food, various non-food items and total consumption expenditure. There were no clear patterns and for the most part the estimates were not statistically significant. Thus, while we do find a clear reduction in energy costs this does not translate into statistically significant changes in expenditure on other items. 21 It is unlikely that the results on fuel use and expenditure are influenced by the kerosene to LPG conversion program as by 2009, East Java, including all the districts surveyed in the paper had been covered by the conversion scheme (PT Pertamina and WLPGA, 2012) . Hence, during the period 2011-2012 there is no reason to expect that different categories of biogas users/non-users were exposed to a different policy environment.
22 Based on information from 62 village-level interviews which were conducted at the same time as the followup survey in 2012, there is some evidence that the availability of additional energy is being used to expand economic activities. In 65 percent of the interviews the village-heads mentioned that the availability of biogas had led to the creation and expansion of food-related businesses for women. These comments were echoed by cooperative representatives whom we interviewed in April 2012. During the interviews the respondents mentioned that 6 women in their locality had opened small bakeries mainly due to the availability of cheap/free biogas.
Cooking patterns and air quality
The use of bio-digesters is expected to translate into improved air conditions, especially in kitchens, due to enhanced use of biogas stoves and reduced use of wood stoves which are associated with emission of biomass particulates. As may be expected, biogas fuelled cooking stoves are universal among households with a digester. However, most households still maintain a wood fuel stove. Among the control group almost all households own a wood fuel stove and the large majority also have a LPG stove. Consistent with the impact estimates for energy use, we find that the use of digesters is associated with a displacement of LPG and wood fuelled stoves (see Table 11 ). The average number of wood fuel stoves owned by new users falls by about 20 percent and the ownership of LPG stoves declines by about 50 percent.
For both the new and the always users, biogas stoves are the most prominent cooking device used (see Table 12 ). In 2012, 92 percent of always users and 84 percent of new users reported that they had used their biogas stove in the week preceding the survey.
The predominant use of biogas stoves as opposed to the intensive use of the wood fuel and LPG stove by the control group indicates a clear pattern of substitution driven by access to biogas. Although more than half the households with a digester still own a LPG stove, these stoves are all but redundant. Firewood stoves remain in use for about one tenth of treated households, which implies a 70 percent reduction due to biogas.
Consistent with the reduction in the use of wood fuelled stoves, there are sharp differences in the self-assessed quality of air in kitchens across treatment and control groups. Based on the DID estimates the likelihood of reporting that air quality is good is 19 to 25 percentage points higher for the treated as compared to the controls. For the treated group the source of the poor air quality is far less likely (at least 16 percentage points) to be due to the burning of wood. We also analysed the effect (not reported) of owning a digester on a variety of health outcomes such as respiratory diseases, eye-related conditionsitching, redness, tears, and headaches. We found no evidence that access to digesters is associated with positive health effects. Overall, while there is a clear improvement in the quality of air in the kitchen this has not yet translated into clear-cut health effects. 
Benefits and payback period
As discussed in section 2, while the BIRU program has met its target of installing 8,000 biodigesters over a four-year period, the geographical distribution of these digesters is quite different from the envisaged distribution. The bulk of the digesters (62 percent) are located in East Java and as will be discussed below, this may be attributed mainly to the favourable basis on which farmers in East Java can access credit.
The cost of purchasing the most popular digester (6m 3 ) is 6.3 million IDR which is about 1.4 times the annual per capita expenditure of a dairy farming household in East Java. 24 If the subsidy is taken into account the cost falls to about 4.3 million IDR or 0.93 times the annual per capita expenditure of a dairy farming household. Given the size of the investment as compared to their annual per capita expenditure, dairy farmers need to 23 While biogas is primarily used for cooking, a small proportion of households (11 percent of always users and 4 percent of new users) also use it for lighting. The limited use of biogas for lighting is expected as most households in the sample have access to grid electricity and the quality of illumination provided by biogas lamps is poor. Our field visits confirmed the limited use of biogas for lighting and given the low uptake of biogas lamps there is little impact on the availability or use of conventional sources of lighting. We also examined whether access to digesters/bio-slurry is systematically related to expenditure on fertiliser. While the point estimates suggest that access to a digester is associated with a reduction of at most IDR 3,500 a month on chemical fertilisers, the effect is not statistically significant. We find a large and positive coefficient (IDR 1,686,366) for the effect of digester ownership on annual revenues from agricultural output, but these estimates are also not statistically significant. The reduction in expenditure on fertiliser and the increase in crop revenues, albeit not precise, suggests that that there is substantial variation across treated households in the extent to which they substitute bio-slurry for fertilisers and the manner in which they apply bio-slurry to their land. 24 Dairy farming household are in decile 4 and decile 5 of the national per capita expenditure distribution (see Table A .5).
borrow in order to finance the digester purchase. In East Java, farmers are able to finance their purchases through loans obtained through their cooperatives. These loans are provided by Nestlé to cooperatives at zero interest which are in turn passed on to farmers interested in purchasing a digester. 25 Over a two to three year period, loan repayments are deducted from the payments farmers receive for delivering their milk to the cooperative. As compared to East Java, dairy farmers in other provinces do not have access to loans at zero financing costs.
To examine whether it is worthwhile for farmers to invest in a digester we use information on the costs of purchasing a digester and our estimate of the main financial benefit currently being generated by digesters (see Table 14 ) to provide a payback analysis for a 6m 3 digester. 26 We provide payback estimates with and without taking into account financing costs and also with and without accounting for the subsidy. As shown in Table 17 (estimates with discounted benefits) the estimated payback period, if a dairy farmer has to bear the full cost of a digester and also finance the purchase, is 30 years. Given the expected 20-year lifetime of a digester and the benefits currently being generated through the digester, it is clearly not a sensible investment. 27 As is the situation in other provinces, excluding East Java, if farmers have to finance the purchase but are able to avail the subsidy 25 Nestlé provides these loans as part of its "Creating Shared Value" initiative. The company purchases fresh milk from about 33,000 dairy farmers belonging to 31 cooperatives in East Java for a factory which produces milk, food, and beverage products. 26 We only consider reduced energy expenditure as we did not find statistically significant effects on health outcomes or on other outcomes such as expenditure on fertilizer and agricultural revenues. Nevertheless, we did compute payback periods which took into account the effect of owning a digester on (a) annual reduction in expenditure on fertilizer (IDR 42,000) and (b) annual increase in agricultural revenues (IDR 1,686,366). As may be expected, accounting for (a) does not lead to a substantial change in the payback periods presented in Table 14 , however, including the effect on agricultural revenues leads to a payback period of between 2 to 4 years.
then the payback period falls to 14 years while the combination of a subsidy and zero financing costs, as in East Java, reduces the payback period to a relatively attractive 10-year timespan. From the perspective of an individual farmer, given the current level of benefits generated through digesters, one of the two -either a subsidy or no-cost financing is essential in order to justify the investment. The payback analysis highlights that one of the main reasons for the focus of the programme on East Java has been the supply of credit from Nestlé. It is hard to conclude that without the subsidy and without access to credit on such favourable terms the programme would have been able to reach its expected targets.
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Clearly, if the programme is to prosper without any public subsidies and farmers are expected to acquire credit at market rates then additional private benefits such as increased agricultural revenues due to application of bio-slurry and savings on fertiliser expenditure need to be realized. Of course it may be argued that a payback analysis which focuses only on a limited set of private benefits is incomplete and given the potential reduction in the negative environmental consequences of indiscriminate dumping of cow dung, subsidies are justified.
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Concluding remarks and policy implications
This paper provided an assessment of Indonesia's Domestic Biogas Program (BIRU) on fuel use and energy expenditure. The paper adds to the limited body of research which has systematically examined the effects of such initiatives. It was based on two rounds of farm household panel data and qualitative data collection in 2011 and 2012. The analysis focused 28 In two of the three cooperatives that were visited, respondents argued that at the moment the subsidy from BIRU was more important than technical support. 29 In addition to their work as dairy farmers, the majority (93.5 percent) of the respondents also cultivate land.
While a part of the cow dung generated is used as a fertilizer or for fueling their digesters, about 22.5 percent admitted that they still dumped cow dung into open drains, lakes/rivers. This proportion (31.3 percent) is higher among those who don't own digesters as compared to new users (15.6 percent) and always users (7.2 percent).
on the province of East Java, which at the end of 2012 accounted for about 62 percent of all BIRU digesters. To identify causal effects of the program we exploited changes in digester ownership over time to apply a difference-in-difference analysis, by comparing new digester users with a control group that did not own a digester. In addition, the phased roll out of the program offered an opportunity to conduct a pipeline comparison approach, where households that were about to obtain a digester were compared with existing users.
Methodologically, the paper places the literature on the impacts of biogas on a stronger empirical footing, however, it should be emphasized that the estimates are specific to East Java.
Regardless of the empirical approach, the estimates showed that the biogas supply from the BIRU digesters has almost completely replaced the use of liquefied petroleum gas and greatly reduced the use of firewood for cooking. The availability of biogas has reduced average household energy expenditure by about 45 percent, or about 3.5 percent of total household expenditure. In addition, time spent collecting firewood falls by about 85 percent. The results also displayed a negative relationship between owning a biogas digester and expenditure on fertiliser, as well as a positive association with farm revenues, however, these effects were not statistically significant. This suggests that for the economic benefits of a by-product such as bio-slurry to materialize, its application needs to be sufficiently expanded and customized to local conditions.
The effects of biogas on fuel use and energy expenditure are large and the program has met its target of setting up 8,000 digesters over a 4-year period. However, there is a large gap between the expected geographical distribution of the digesters and the actual distribution with the bulk of the program's activities focusing on East Java. This is not a coincidence as East Java offers a number of favourable conditions, such as a high concentration of cows, organization of farmers in cooperatives and financial support in the form of interest-free loans from Nestlé which has business interests in the region.
A payback analysis for investing in a digester revealed that in East Java, based on the financial benefits detected in the paper, and the current level of subsidy provided by BIRU and Nestlé, investing in a digester yields a payback in a relatively attractive period of 10 years. Thus, at least in East Java, as long as the current structure of the program is maintained there is ample scope for expansion as of the about 33,000 dairy farmers in the region only 4,500 have digesters. Moving away from East Java or more importantly moving to a situation without the two subsidies and given the current level of benefits, investing in a digester has a payback period of 30 years which may be contrasted with the expected 20-year life time of a digester. While there are arguments to be made for continued public support of such clean energy initiatives, clearly from a private perspective given the current level of financial benefits an unsubsidized program is not viable.
Indeed, if biogas is to be more than a niche source of energy in Indonesia and elsewhere and prosper without subsidies, then a reduction in energy costs associated with a digester investment is not enough and additional financial benefits need to be realized. Most obviously and a strategy being pushed by BIRU is more effective use of bio-slurry by digester owners and the development of a market for bio-slurry. This requires research and public policy support on the best way of applying and transporting bio-slurry, identifying crops that are most receptive to its application, and developing additional uses of bio-slurry so that it may replace fertilizers and pesticides while at the same time enhancing agricultural revenues. 30 Additionally, while fixed-dome concrete digesters of the type used by BIRU and in other countries are considered to be of high-quality, lowering the cost of a digester while at the same time maintaining its quality requires research on alternative designs. For instance, in Rwanda, researchers are working on the design of cheaper digester models which use less concrete and rely on burnt bricks. 31 To conclude, while biogas is a cheaper, cleaner fuel as compared to traditional alternatives and has the potential to replace both firewood and LPG, the continued spread of biogas hinges on reducing the payback period associated with the investment. Subsidy provided (Indonesian Rupiah) 4 cubic metres 3,700,000 2,000,000 6 cubic metres 4,300,000 2,000,000 8 cubic metres 5,000,000 2,000,000 10 cubic metres 6,000,000 2,000,000 12 cubic meters 6,800,000 2,000,000 Source: BIRU (2013), Retrieved from <http://www.biru.or.id/en/index.php/biru-program/>. Note: One Euro = IDR 12,500. Source: BIRU project data; Cooperative members' lists. 54,935 109,587 75,243 -47,478** -50,386** -64,892* -54,652* 2012 58,616 57,672 70,806 (0.000) (0.002) (0.016) (0.010) Source: Indonesian biogas survey, 2011 and 2012. Notes: Significance levels: + 10%, * 5%, ** 1%; p-values in parentheses. The analysis is based on a 6m3 digester as 50 percent of households have a digester of this size. a Based on the sample data, 93% of the digesters are financed through loans offered at zero interest by the cooperative to which the dairy farmer belongs. Since this arrangement of zero financing costs is specific to East Java (Nestlé) we estimate financing costs based on the terms provided by Bank Syariah Mandiri (BSM) -interest rate of 8 percent payable over 3 years. b Based on the sample data, on average, households have spent IDR 5,755 per year on repairs. Since the average age of a digester in our sample is 13 months, this figure is likely to underestimate annual maintenance costs. c Water from traditional sources (rain water/rivers/springs) is free and our sample data show that household do not face any difficulties acquiring water from public sources to feed their digesters. d We do not impute monetary benefits for reduced time spent gathering firewood. Benefits such as reductions in expenditure on fertiliser and increase in crop output are not included as there is no statistically significant evidence that these are being realised at the moment. e Future benefits are discounted at an opportunity cost of capital set at 6 percent. It is assumed that households are able to earn this rate on a long-term savings account. In April 2013, Bank Negara Indonesia offered an interest rate of 6 percent on term deposits. The formula used for calculating the discounted payback period without subsidy is Ln(1/(1-(cost of investment*discount rate)/savings))/Ln(1+discount rate).
Appendix A The logit estimates show the probability of being a non-complier in the treated (new users) or control (never users) group as a function of baseline characteristics. Standard errors in parentheses. Significance levels: + 10%, * 5%, ** 1%. 
